Abstract Preserving peripheral populations is a key conservation issue because of the adaptive potential to environmental change they provide for the species as a whole. Yet, peripheral populations are often small and isolated, i.e. more vulnerable to stochastic events and prone to extinction. We studied a peripheral population of Hoopoe (Upupa epops), a rare insectivorous farmland bird, in the Swiss Alps. We first investigated the effect of weather variation on food provisioning to chicks by Hoopoe parents. Second, while accounting for density-dependence, we tested the extent to which breeding success is governed by weather circumstances and assessed the possible consequences of climate variation on population growth. Provisioning rate and provisioned prey biomass were negatively affected by adverse weather (cool, rainy days), were higher in males and also increased with brood size. Much smaller proportions of molecrickets (Gryllotalpa gryllotalpa; the most profitable prey locally, constituting 93% of chicks' food biomass) were provisioned on days with adverse weather, irrespective of brood size. Rainfall prior to hatching and during the first days of chick life had a negative impact on their survival, and there was a positive effect of temperature on chick survival just before fledging. Reproductive output was negatively affected by precipitation during the hatching period, but was enhanced by warm temperature just before hatching and in the last days before fledging. Our model showed that the variable reproductive output has a strong impact on the population growth: a succession of adverse, rainy springs would cause a rapid decline of the population. This case study confirms that conservation efforts may be obliterated if risks linked to increasing climate variability are not properly accounted for in the management of small peripheral populations.
Introduction
Species conservation has long focused on habitat protection and restoration. New globally emerging threats, such as climate change, may obliterate habitat management efforts, in particular when a species' demography is sensitive to environmental stochasticity (Sala et al. 2000; Parmesan and Yohe 2003; Thomas et al. 2004) . Wide-scale range shifts of species have been predicted in the long term due to progressive changes in temperature and precipitation regimes (e.g. Huntley et al. 2008) . Under a scenario of rising climate variability (Easterling et al. 2000) , however, peripheral populations (here defined as geographically and altitudinally marginal) may sooner suffer from environmental stochasticity. This is because ecological conditions prevailing at range periphery are naturally suboptimal (Lawton 1993) . In addition, peripheral populations are often small and isolated, which theoretically renders them more susceptible to gradual environmental change, demographic stochasticity and catastrophic events (Nathan et al. 1996; Nantel and Gagnon 1999; Antonovics et al. 2006) . The contention that peripheral populations are more prone to extinction has, however, been refuted by some researchers (Lomolino and Channell 1995; Channell and Lomolino 2000) . Irrespective of this, the strength of decline or the probability of extinction of the species as a whole could be further exacerbated by the loss of possible specific adaptations to local conditions (Hoffmann and Blows 1994) . Peripheral populations could thus potentially buffer against loss of a species' overall evolutionary aptitude in the face of a rapidly changing environment (Reznick et al. 1997; Hendry and Kinnison 1999; Crandall et al. 2000) . They should therefore be a primary focus of conservation biology (Lesica and Allendorf 1995; CasselLundhagen et al. 2009; Gibson et al. 2009 ).
One of the most important demographic parameters is recruitment (Saether and Bakke 2000) , which, all else being equal, depends primarily on the number of offspring produced (Crick et al. 1993; Newton 1998) . This is especially true in short-lived species. In several such species, the number of offspring depends to a large extent upon seasonal weather circumstances during reproduction (e.g. Siikamäki 1996; Veistola et al. 1997; Newton 1998; Rodríguez and Bustamante 2003; Geiser et al. 2008) . Weather often impacts food availability, but, due to its strong stochasticity, food availability remains mostly unpredictable for individuals engaging in reproduction (Cucco and Malacarne 1996a, b; Mills et al. 2008) . Food availability depends firstly on fluctuations in prey populations (either seasonal or inter-annual), secondly on prey detectability (partly determined by the prey activity pattern), and thirdly on prey accessibility. Although the latter may be hampered by variations in foraging habitat structure (Schaub 1996) , weather affects all three factors above. Species that feed on insects are primarily concerned since poikilothermic organisms reduce their overall activity in bad weather conditions, thereby becoming unavailable to predators (Taylor 1963; Avery and Krebs 1984; Cucco and Malacarne 1996a; Veistola et al. 1997; Arlettaz et al. 2000 Arlettaz et al. , 2001 . Birds that have population strongholds in lower latitudes would thus be more likely to suffer from weather and climate variation when occurring at range margin in cooler climates (e.g. in the north or close to their upper altitudinal limit), although this remains controversial (Sagarin and Gaines 2002) . For ground-feeding insectivorous birds, very few studies have documented the impact of weather conditions on both food provisioning performance to chicks by parents, reproductive output and population growth (Radford et al. 2001; Geiser et al. 2008) .
The Hoopoe Upupa epops has become rare in Central and Western Europe (Hustings 1997) . It has been suggested that Hoopoes are particularly sensitive to climatic conditions, in particular precipitation during reproduction (Glutz von Blotzheim and Bauer 1980; Cramp 1985; Rehsteiner 1996) . This may explain why western European populations, where rainfall tends to be high due to exposure to depressions coming from the west, seem to fluctuate more than Mediterranean and eastern populations (Bussmann 1950; Cramp 1985; Rehsteiner 1996 ). Yet, the mechanism by which weather and climatic conditions affect population dynamics and determine long-term modification of distribution range in this species remains unknown (Laiolo et al. 1998; Radford and Du Plessis 2003) . This study aims to unravel that mechanism.
The Hoopoe is red-listed in Switzerland and is among the 50 bird species for which conservation action plans are currently under development (Keller et al. 2001 ). In the 1990s, only a few dozens of breeding pairs remained, mostly on the plain of the upper Rhône valley, where a small population has been monitored since 1979 (Arlettaz 1984; Arlettaz et al. 2000) . The Valais Hoopoe population is both isolated and altitudinally peripheral as the plain of the upper Rhône is flanked in the north and in the south by two major mountain ranges culminating at more than 4,000 m. There is, therefore, not only a discontinuity to the next populations in Italy and France (situated hundreds of kilometres away in the south), but also a very continental climate with frequent cold spells during the breeding season due to the proximity of the mountains. As the Valais Hoopoes were continuously declining, a tailored conservation programme was launched in 1998 (Arlettaz et al. 2000) , based on conservation recommendations drawn by Fournier and Arlettaz (2001) . The implementation of these measures has led to a progressive recovery of the population (from ca. 20 to more than 100 broods a year), which, however, remains small (Arlettaz et al. submitted) .
In this study, we first looked at the impact of weather variation on the efficacy of food provisioning to chicks by parents. Second, we attempted to test to which extent reproductive performance is affected by weather. We had to account for possible effects of density because our population has recently been expanding. Finally, we assessed the potential impact of weather variation on Hoopoe population dynamics. This information will be crucial not only for the long-term conservation management of the Valais Hoopoes, but also to predict species' response to future climate change and weather variation.
Methods
The study was carried out in 2000-2006 on the plain of the Upper Rhône Valley (Central Valais, south-western Swiss Alps; 46°2 0 N, 07°4 0 E). The plain (460-520 m altitude) is primarily devoted to industrial farming, in particular dense dwarf fruit tree plantations, vegetables and vineyards. Our study population uses nestboxes almost exclusively as nest sites. Nestboxes (n * 700) were checked every second week during the breeding season, from mid-April to late July. Those containing broods were additionally checked every second to third day for close tracking of the course of breeding.
Food provisioned to chicks
In 2001, 26 broods were filmed for three entire days each during the chick feeding period-which lasts 26-29 days in the Hoopoe (Cramp 1985) -in order to collect data on nestling diet and parent foraging ecology. The first filming (brood stage I) took place when chicks were 11-15 days old, the second (brood stage II) when they were 16-20 days old, and the third (brood stage III) at 21-25 days. We did not film at an earlier age because the mother covers the chicks until they start to thermoregulate by themselves and thus does not deliver food to the young. The video systems consisted of a camera (CCD-7012P; Videotronic, Neumünster, Germany) coupled with a time-lapse video recorder (SRT 7168P; Sanyo, Osaka, Japan); electricity was supplied by a generator. Video-monitoring lasted from approximately 0600-2100 hours. The chicks were counted at the beginning and at the end of a filming session. Adult Hoopoes were mist-netted and ring-marked at nesting sites when chicks were 5-10 days old. Sex-specific codes were drawn with markers on parents' head feathers; clearly visible on the video-tapes, this marking enabled gender recognition so as to assess sex-specific provisioning activity.
For each feeding event, the following variables were noted from video sequences: time, sex of provisioning adult, prey type (we distinguished molecrickets Gryllotalpa gryllotalpa, caterpillars, and other prey) and item size. Dry biomasses were estimated based on Arlettaz and Perrin (1995) . For molecrickets, we recognized three size classes, including larvae (2 sizes, with an estimated average biomass of 0.36 and 0.46 g per item, respectively) and imago (0.68 g). Average dry weight of caterpillars and other prey were set to an average of 0.08 g (Arlettaz and Perrin 1995) . We calculated feeding frequency and estimated provisioned biomass per hour. Hoopoes are single prey loaders (they provision only one prey item at a time), which facilitated prey identification.
From a principal component analysis (PCA) run with four weather variables (sunshine duration per day, mean daily temperature, daily amount of rainfall, and mean daily relative humidity, all recorded in the core of the study area, at Sion meteorological station; 46°2 0 N, 07°4 0 E; on-line database MeteoSwiss), we obtained a proxy of daily weather conditions throughout the season (n = 50 days), which consisted of the first factor of the PCA (explaining 63% of the overall model variance). The first factor correlated positively with temperature (r = 0.60) and sunshine duration (r = 0.90) and negatively with rainfall (r = -0.70) and humidity (r = -0.93). Thus, positive values correspond to ''nice'' days (warm and dry), whilst negative values describe ''bad'' days (cool and rainy).
Using structurally equal statistical approaches with the same independent variables, we analysed feeding rate (number of parental food provisioning events per hour, assuming Gaussian distributed errors), biomass delivered to nestlings per hour (assuming Gaussian distributed errors) and the proportion of molecrickets among all delivered food items (assuming binomially distributed errors) by applying generalized linear mixed models (lmer, R Development Core Team 2008). Brood identity was considered a random factor. The fixed factors were sex, brood stage, brood size and weather. To test whether the potential impacts of sex and weather changed with brood stages, we also included the two-way interactions sex 9 brood stage and weather 9 brood stage. We fitted 24 candidate models (all possible combinations of fixed effects) and ranked them according to their support by the data with the Akaike Information criteria (AICc; Burnham and Anderson 2002) .
Reproductive success versus weather variation
Data on reproductive output (number of fledglings per brood) and nestling survival (percentage of hatched young that fledged) from 2000 to 2006 were used to test whether reproductive success for each single brood was related to variation in weather conditions (n = 514 broods). Only broods with at least one egg hatching were considered in the analysis.
As weather variables we used daily mean ambient temperature and daily amount of rainfall, recorded by the meteorological station in Sion. Rain (r) and temperature (t) values were averaged over 5-day periods (pentades, p), such that the hatching day for each single brood was the last day of pentade 0 (i.e. r 0 corresponds to the average rainfall of the pentade p 0 starting on the fourth day before hatching and ending with the day of hatching, being day 0). Average values were also calculated for the three subsequent pentades, starting on the first day after hatching and ending 15 days later (r 1 = average of days 1-5 after hatching, r 2 = average of days 6-10 after hatching, r 3 = average of days 11-15 after hatching; similar calculations were made for temperature, t 0 through to t 3 ).
We used an information-theoretic approach (Burnham and Anderson 2002) for model ranking and to identify whether temperature and rain impact on breeding performance, and if so which pentade(s), in terms of temperature and rain, play(s) the most crucial role. We applied generalised linear mixed models analysed in the program R with library lmer (R Development Core Team 2008) . With an abbreviated model selection procedure (to reduce model complexity) and according to the DAICc, we defined the best model describing the influence of rain and temperature on the reproductive success of our local Hoopoe population (Fig. 1) . Rain and temperature values, as well as breeding density (which increased over time) and hatching date, were treated as fixed effects, whereas the location of the brood (nestbox site) was treated as a random effect in order to avoid pseudoreplication. Hatching date was only included in the models for reproductive output, but not for the survival of the hatchlings as we assumed that the latter is not influenced by the time of breeding. For the calculation of reproductive output, the data were assumed to reflect a Poisson distribution, while for the nestling survival, the response variable was assumed binomial.
Population growth
To assess the potential importance of the impact of weather at the population level induced by variable reproductive output, we calculated the population growth rate (k) using a simple female-based population model. In this model, we assumed adult survival (S ad ) to be 0.4, first year survival (S 1 ) to be 0.18, the proportion of females conducting a second brood (p 2 ) to be 0.4 and an even sex ratio. The values of S ad and p 2 stem from our population (Reichlin et al., in review), S 1 was chosen in such a way that the population growth is *1. We further assumed that the population is closed geographically. The growth rate of the population is then k ¼ S ad þ S 1 ð1 þ p 2 ÞF=2, where F is the reproductive output of a brood. We used the predictions of F for the various weather variables as obtained from the analyses above.
Results

Nestling diet
The video footage comprised 78 tapes (n = 26 broods, with 3 days of filming each; 1,172 h). In total, 5,454 prey items were recorded; they consisted of 59.3% molecrickets, 20.3% lepidoptera larvae, and 4.9% other prey (Aranaeidea, Coleoptera, Formicidae, Diptera larvae-mostly Tipulidae); 15.5% items could not be identified (Fig. 2) . From a dry biomass point of view (total biomass = 2,226.4 g), molecrickets were estimated to make up 93% of the overall diet, lepidoptera larvae and unidentified prey 3% each, and other prey items about 1% (Fig. 2) .
Food provisioning by parents
Variation in the hourly feeding rate (mean ± SE) could be explained by sex, weather and brood size (two best models), whilst brood stages were retained only in the third best model; moreover, their confidence intervals largely overlapped with 0 (Table 1a) . Hourly feeding rates increased with brood size (by 0.32 ± 0.12 feedings/h per nestling) and with the weather factor (by 0.17 ± 0.09 feedings/h per PCA score); it was also higher in males (2.69 ± 0.23) than in females (1.84 ± 0.20; Fig. 3) .
The prey biomass delivered to chicks was affected by the same variables as feeding rate (Table 1b) . It increased Fig. 1 Overview of the abbreviated modelling procedure adopted here to reduce model complexity for the analysis of the relationships between reproductive success of Hoopoes (Upupa epops) and weather factors. First step: only the four temperature variables (t 0-3 , see ''Methods'' for nomenclature) were varied in all possible combinations (resulting in 16 different models, including the null model), with rain put in the model as «full model» (r 0-3 ) and the other effects held constant [fixed effects: breeding density and hatching date (the latter only in reproductive output modelling); random effect: breeding site (nestbox)]. Second step: Based on AICc (threshold for further selection DAICc \ 2), the best models with varying temperature were chosen and held constant, whilst the rain parameters (r 0-3 ) were sequentially added to the best models from step one, also in all possible variations (14 different models per fixed temperature variable). Again, other effects were held constant. Third step: from this abbreviated model selection procedure followed the best models that described the influence of weather on reproductive success. It did not matter to the outcome for the best model whether to first vary the temperature parameters, or rain parameters with brood size (by 0.21 ± 0.03 g/h per nestling) and favourable weather conditions (by 0.12 ± 0.04 g/h per PCA score; Fig. 4 ). Males delivered, on average (±SE), more biomass per hour (1.23 ± 0.08 g) than females (0.68 ± 0.08 g; Fig. 3 ). Again, there was still some uncertainty regarding an effect of brood stage (Table 1b) . The interaction terms were not important, indicating that the relationships between delivered biomass and sex, and between biomass and weather remained the same irrespective of brood stage (Figs. 3, 4) . The proportion of molecrickets among all delivered food items differed between sexes and brood stages (Table 1c) . The proportion was also affected by weather and by brood size (Table 1) . Males delivered a higher proportion of molecrickets (0.90 ± 0.04 of the prey items per hour) than females (0.82 ± 0.06 of items/h). The proportion of molecrickets was highest at the first brood stage (0.90 ± 0.04) and decreased slightly thereafter (stage II: 0.85 ± 0.04; stage III: 0.84 ± 0.06; Fig. 3) . Finally, the proportion of molecrickets in chick food increased when good weather conditions prevailed (slope on the logit scale: 0.21 ± 0.03) and with increasing brood size (slope on the logit scale: 0.29 ± 0.09).
Reproductive success versus weather conditions
Mean annual reproductive output (2000) (2001) (2002) (2003) (2004) (2005) (2006) varied between 3.97 and 5.51 fledglings per brood (overall mean ± SE: 4.71 ± 2.31), and mean nestling survival between 72.3 and 86.6% (79.3% ± 0.31; only broods with at least one hatchling were considered, n = 514). Concerning reproductive output, r 0 and r 1 (rainfall in pentads 0 and 1) and t 0 and t 3 (temperature in pentads 0 and 3) were included in the best model ( Table 2 ). The number of fledglings was positively associated with temperature, while rainfall exerted a negative influence on this parameter. It was also negatively associated with breeding density and hatching date (Fig. 5 bottom) . Nestling survival was negatively affected by r 0 and r 1 , whilst t 3 had a positive effect and t 2 a negative one (Table 3) .
Population growth
The predicted minimum and maximum values of the reproductive output for the weather variables t 0 , t 3 , r 0 and r 1 (Fig. 5) were used to calculate the potential population growth rate under this range of weather conditions. The ranges of the population growth rates were large (t 0 : 0.89-1.02; t 3 : 0.85-1.07; r 0 : 1.01-0.79; r 1 : 0.99-0.83) indicating that weather variation can potentially have a strong impact on Hoopoe population growth, even if only reproductive output were affected.
Discussion
This study supports the hypothesis that an important component of Hoopoe population dynamics is sensitive to weather variation. It further establishes the mechanism involved in the demographic process: cool, rainy days actually affect the efficiency of food provisioning by parents to chicks, which lowers reproductive success. Given a rapid generation turnover in this species (Reichlin et al., in review), Hoopoe population dynamics appears to be driven principally by recruitment and immigration. A sustained drop in productivity, as could be experienced under a succession of rainy springs would lead to population declines within short time. Although climate scenarios all predict a greater weather variability in the future (e.g. Easterling et al. 2000) , detailed projections about temperature and rainfall regimes remain scarce for the Alps. Most studies predict an increase in ambient temperature, but predictions for precipitation remain uncertain. Wanner et al. (1997) predict an increase in rainfall, especially in spring, Horton et al. (2006) a general annual decrease, but without any clear tendency for spring. At this stage, it is thus difficult to foresee how the Valais population will respond to climate variation in the future.
Adverse weather conditions resulted in reduced feeding activity, i.e. a drop in the total biomass of provisioned prey caused primarily by a diminished proportion in the diet of (Fournier and Arlettaz 2001) . This indicates that molecrickets are more difficult to find when the weather conditions are bad. Adults then switch to other prey types such as caterpillars (Fournier and Arlettaz 2001 ), yet, because these prey items are smaller, Hoopoes cannot fully compensate as they are single prey loaders. The low availability of molecrickets during bad weather must be due to reduced activity, detectability or accessibility at low temperature and during rainfall. It might well be that the terrestrial foraging habits of Hoopoes render them more susceptible to adverse weather than non-terrestrial insectivorous birds, which were the focus of the majority of previous studies on the impact of weather on reproduction in insectivorous birds (e.g. Cucco and Malacarne 1996b; Pellantova 1981; Veistola et al. 1997; Radford et al. 2001) . Feeding rate did not vary notably between the three chick stages, but there was some evidence that the biomass supplied decreased as chick age advanced. As we filmed nestlings only from age 11 days onwards, i.e. after 35-45% of the duration of chick stay at nest had elapsed, we have no quantitative data about the earlier feeding patterns. However, as the female covers the young until they thermoregulate by themselves (until about 8-10 days of age), our brood stage I actually corresponds to a burst of provisioning activity, which also matches the period when chick growth rate is maximum (Fournier and Arlettaz 2001) and, incidentally, chick mortality highest (unpublished data) . A progressive decrease in food provisioning before asymptotic growth is common in birds (e.g. Turner 1983) .
Male investment in food provisioning during chick rearing, counted as either number of prey items or biomass, was higher than that of the female in all stages. Moreover, Hoopoe males have to feed their partner during incubation and then contribute to the entire prey supply during early chick stages when the female still broods. Males and females thus differ markedly in their parental tasks: incubation relies totally on the female, whereas chick rearing is primarily the male's responsibility. We predict that male provisioning efficiency correlates with territory quality (i.e. molecricket availability at the study site), the acquisition of which will depend on male hierarchical status (Martín-Vivaldi et al. 1999) . The drop in feeding effort by females in later stages may also be due to the fact that a large proportion of them leave their brood before the young have fledged, in order to engage into a new breeding trial, often with a different male to the previous partner (own unpublished data).
Our data on food provisioning by parents, combined with the modelling of weather factors, suggests that a reduced amount of delivered biomass (especially molecrickets) in bad years greatly affects productivity. Adverse weather, especially it seems around hatching time, impacted upon both survival and productivity, whilst warm, sunny and dry weather before hatching and during the last nesting phases boosted productivity. Yet, because ambient temperature, contrary to rainfall, correlated across pentades, we must interpret with caution the apparent impact of this factor during some specific phases of reproduction. An overall effect of temperature remains indisputable, however. The sensitivity of Hoopoes to limited food availability has been discussed by Martín-Vivaldi et al. (1999) in relation to the brood reduction hypothesis. These authors established that Hoopoes lay optimistic clutch sizes in order to raise as many chicks as possible. Parents appear not to feed smaller chicks as long as the larger ones are begging (Martín-Vivaldi et al. 1999) , which biases mortality toward the youngest chicks. As less profitable prey is fed under unfavourable weather (this study), weather appears to be the ultimate factor responsible for a brood reduction strategy.
In general, population dynamics of short-lived species like that of Hoopoes is highly reactive to variations in factors regulating reproductive output (Saether and Bakke 2000) . Yearly adult survival is only around 40% (Reichlin et al., in review) . Broods laid early in the season frequently produce 8-9 young (7.8 and 2.1% of all 514 broods, respectively) in Valais (Fig. 5 bottom) , with the fittest adults even capable of undertaking three broods a year. Hoopoe demography therefore reacts extremely sensitively to environmental change in the breeding area. Thus, we believe that the fluctuations and patterns of range extension/retraction reported for western, central and northern European Hoopoe populations during the twentieth century may actually have been caused by periodic climatic cycles, e.g. series of good or bad years in a row (Glutz von Blotzheim and Bauer 1980; Cramp 1985; Rehsteiner 1996) .
This study also provides some support to the long-term predictive model of range shift by Huntley et al. (2008) .
Any future Hoopoe conservation programme in western and central Europe should bear this weather issue in mind, especially in small peripheral populations. Of course, nestling survival and number of fledglings are two among several vital parameters potentially affected by weather variation. It is, for instance, likely that post-fledging survival is also affected by weather circumstances. Future population dynamics modelling based on extensive capture-recapture data may contribute to unravelling the relationship between post-nesting survival and weather conditions. Sensitivity to weather and climate variation, as illustrated here, could be a serious impediment to the protection of peripheral, endangered animal populations (Lesica and Allendorf 1995) . It might indeed annihilate costly local conservation efforts. One may expect this problem to become more acute in the face of continuing habitat fragmentation and climate change. The direction of these changes remains difficult to predict with accuracy, due for example to the subtle interplay between temperature and precipitation variation (Wanner et al. 1997) . Most current climate scenarios, however, foresee an augmentation of extreme weather events, i.e. greater variability of local climate can be anticipated (Easterling et al. 2000) . This may only further exacerbate the impact of environmental stochasticity upon population demographic trajectories and even mask the long-term, gradual changes caused by global warming in terms of range shifts (Huntley et al. 2008 ). This problem should be accounted for in any species conservation scheme, especially of small, peripheral populations. 
Zusammenfassung
